c Substitution of bones is a well-established, necessary procedure to treat bone defects in trauma and orthopedic surgeries. For prevention or treatment of perioperative infection, the implantation of resorbable bone substitute materials carrying antibiotics is a necessary treatment. In this study, we investigated the newly formulated calcium-based resorbable bone substitute materials containing either gentamicin (CaSO 4 -G [Herafill-G]), vancomycin (CaSO 4 -V), or tobramycin (Osteoset). We characterized the released antibiotic concentration per unit. Bone substitute materials were implanted in bones of rabbits via a standardized surgical procedure. Clinical parameters and levels of the antibiotic-releasing materials in serum were determined. Local concentrations of antibiotics were measured using antimicrobial tests of bone tissue. Aminoglycoside release kinetics in vitro per square millimeter of bead surface showed the most prolonged release for gentamicin, followed by vancomycin and, with the fastest release, tobramycin. In vivo level in serum detected over 28 days was highest for gentamicin at 0.42 g/ml, followed by vancomycin at 0.11 g/ml and tobramycin at 0.04 g/ml. The clinical parameters indicated high biocompatibility for materials used. None of the rabbits subjected to the procedure showed any adverse reaction. The highest availability of antibiotics at 14.8 g/g on day 1 in the cortical tibia ex vivo was demonstrated for gentamicin, decreasing within 14 days. In the medulla, vancomycin showed a high level at 444 g/g on day 1, decreasing continuously over 14 days, whereas gentamicin decreased faster within the initial 3 days. The compared antibiotic formulations varied significantly in release kinetics in serum as well as locally in medulla and cortex.
R
apid and complete reconstruction of bone tissue through autologous or allogeneic bone or bone-related tissue is the gold standard of bone defect treatment in trauma and orthopedic surgeries. An overaging and on the other hand more and more active population raises the demand for quick and uncomplicated healing of all kinds of bone defects. At the same time, a continuous increase of hospital infections and a rising level of multiresistant bacteria are reported: osteoarticular infections increased from 2.3 to 5.8 episodes/100,000 inhabitants per year (P Ͻ 0.001) between 1985 and 2011 (1) . The combination of these trends confronts active trauma and orthopedic surgeons with a rising need for effective treatment methods of bone defects as well as infections.
Resection of tumors and cystic defects, complex fractures, and the appeasement of infectious herds demand mostly replacement with allogeneic/autologous cancellous bone or bone substitute materials. Surgeons in the United States and Europe conduct roughly 500,000 surgical procedures per year using bone substitution material (2, 3) ; worldwide, about 2.2 million procedures are conducted in the field of orthopedic as well as trauma, neuro-, and dental surgery (4, 5) .
Calcium sulfate as a resorbable slow drug release carrier is affordable, readily available, easy to sterilize, biocompatible, and visible under X ray (6) (7) (8) . Calcium sulfate temporarily fills bone defects, leaving no space for bacteria to grow while at the same time providing an osteoconductive structure for ingrowing bone. While being resorbed by the body, natural bone can replace the material simultaneously. Currently used biomaterials, such as those available under the trade names Osteoset, Palacos, Palasept, Herafill, Septopal, and Genta-Coll, can release antibiotics in vivo without causing systemically toxic levels. The early use of pure calcium sulfate, so-called "plaster of Paris," showed the disadvantage of delayed wound healing as well as osteolytic processes during resorption by pH lowering (9) .
Those materials combined with potent antibiotics may be utilized to support bone healing as well as prophylactically protecting implants from infections. It is desirable to have a high local concentration of antibiotics to prevent methicillin-resistant Staphylococcus aureus (MRSA) infections without reaching toxic blood levels. Even in cases of multiresistant bacterial species, highly concentrated vancomycin can be used to treat MRSA infections by exceeding regular MICs locally (10) . Previous studies have indicated that 0.8 to 1.2% of orthopedic surgical procedures (11), 3.6 to 8.1% of closed fractures, and up to 17.5 to 21 .2% of open fractures in trauma surgery (12) are complicated by an infection.
The limited blood supply in the operated body region, especially the bone, and the toxicity of antibiotics reduce the effectivity of systemic antibiotic therapy. Detrimentally, any cavern caused by surgery tends to fill up with blood and as such poses an ideal breeding medium for bacteria. The implantation of antibioticloaded chains such as Septopal polymethylmethacrylate (PMMA) beads containing gentamicin-sulfate can bring a benefit for in-fected regions. Such nonresorbable materials require additional surgical intervention, constituting a burden for patient and surgeon as well as leaving another "dead space" and thus a breeding ground for further potential infections.
Adequate bone substitution material must fulfill plenty of requirements and at the same time be highly reliable to find broad acceptance and deliver positive long-term results. A high level of biochemical compatibility, as little immunologic potential as possible, and economic availability at low cost, as well as malleability and limited absorbability, influence surgeons' choice greatly.
In our study, formulations of calcium sulfate in combination with gentamicin (CaSO 4 -G [Herafill]) or vancomycin (CaSO 4 -V) and tripalmitin were tested in vitro and in vivo by implantation in rabbit tibiae. The results were compared to those obtained with commercially available tobramycin-containing Osteoset.
MATERIALS AND METHODS
Bone substitute implants. The resorbable bone substitute materials based on calcium sulfate formulations used in this study consist of calcium sulfate dehydrate, gentamicin, and tripalmitin (CaSO 4 -G [Herafill]), calcium sulfate dehydrate, vancomycin, and tripalmitin (CaSO 4 -V), and commercially available tobramycin-loaded calcium sulfate hemihydrate (Osteoset) as described in Table 1 .
Animal model. The animal experiment was approved by the government of Upper Bavaria under the registration number 209.1/211-2531.2-22/05. Eighty-four female New Zealand White rabbits with a weight of 4.5 Ϯ 0.5 kg were obtained and kept under standard conditions of 21 Ϯ 2°C, relative air humidity of 55% Ϯ 5%. Rabbits were identified via ear tattoo. Before the operation, animals were kept in the facility for 2 weeks to acclimate. Moreover, they were weighed and their blood was tested for levels of calcium and alkaline phosphatase using standard clinical chemistry laboratory techniques.
The animals were divided in 3 groups according to the test implants. Surgery was performed under general anesthesia using intramuscular injection of medetomidine, 0.25 mg/kg of body weight (Domitor; Pfizer Inc., Germany), and ketamine, 17 mg/kg (S-Ketanest; Parke-Davis GmbH). Intra-and postoperative analgesia was obtained through intravenous application of metamizole (30 mg/kg; Novaminsulfon; Ratiopharm GmbH, Germany) via a vein in the outer ear. The cornea was protected using ointment (Bepanthen; Hoffmann-LaRoche AG, Switzerland). The left hind leg undergoing surgery was shaved and the skin cleaned and disinfected (Cutasept; Bode Chemie, Germany).
The surgical approach was conducted as displayed in Fig. 1 (lateral of the tibial tuberosity [tuberositas tibiae]): the skin was incised using a scalpel and moved to the medial side. This local skin displacement was utilized to avoid infection of the implant site through the skin wound. The incision was extended to the bone, and the periosteum was removed with a raspatory. A water-cooled surgical diamond fraise (Fig. 1a ) was used to remove an 8-mm spherical bone cylinder and open the medullary cavity.
Using a sterile forceps as demonstrated in Fig. 1 , a matching amount of units (Herafill, 2 units; CaSO 4 -V, 14 units; and Osteoset, 5 units; differing numbers of units based on the various sizes of beads to match the overall implanted mass as outlined in Table 1 ) was inserted into the proximal medullary cavity (Fig. 1c) . Following this implantation, the cavity was closed using the initially removed cylinder. Periosteum and subcutaneous tissues were readapted using resorbable suture material (3-0 Vicryl; Ethicon GmbH, Germany), and the skin was closed using nonresorbable material (3-0 Prolene; Ethicon GmbH, Germany). Thereafter, a spray bandage (Opsite; Smith & Nephew PLC, England) was applied. Anesthesia was antagonized using 0.25 mg/kg atipamezole (Antisedan; Pfizer Inc., Germany) as an intramuscular injection. Postoperative care. For postoperative analgesia, buprenorphine at 0.03 mg/kg (Temgesic; Essex Pharma GmbH, Germany) was administered subcutaneously (s.c.) for 4 days every 8 h, and carprofen, 4 mg/kg s.c. (Rimadyl; Pfizer Inc., Germany), was administered for 7 days every 12 h. Daily checks included general condition, body temperature, and detailed examination of the operated leg in terms of potential inflammation signs. Blood was obtained via ear and centrifuged, and the generated serum was then stored at Ϫ20°C for further analysis of antibiotic levels. Determination of antibiotic level in serum was performed after 24, 48, and 72 h as well as after days 7, 14, 21, and 28. Weekly weight controls and clinical examinations of the animals were performed as well as testing for calcium and alkaline phosphatase using standard clinical chemistry laboratory equipment.
Immediately after surgery (while still under anesthesia) and at the end of observation time of 12 weeks (depending on the group), animals were X rayed in a lateral view. The X-ray images were digitally recorded and evaluated visually regarding resorption of beads and bone healing (Fig. 2) . Radiologic evaluation displays a complete resorption of beads as well as good healing of bone entry. Animals were euthanized after 4, 6, 8, and 12 weeks using an overdose (50 mg/kg) of pentobarbital-sodium (Narcoren; Merial GmbH, Germany). To analyze antibiotic content, the proximal third of the tibial bone was removed and frozen at Ϫ20°C after removal of all soft tissue.
Drug release kinetics in vitro. Measurements of gentamicin sulfate, vancomycin, and tobramycin concentrations were conducted using a TDx Analyzer (Abbott Laboratories, Illinois, USA). In vitro release was tested in 20 ml commercially available phosphate-buffered saline (PBS). Comparable mass counts of each material were incubated at 37°C for a duration of 10 days. Release of antibiotics was analyzed daily. Every day, 20 ml supernatant was removed and replaced by 20 ml fresh PBS buffer. Antibiotic concentrations were referred to the numbers of implanted beads and normalized per square millimeter of surface area. Additionally, the amounts of antibiotic released were referred to the initially contained amount of antibiotic substance and cumulated to achieve relative release diagrams.
Biological availability. Antibiotic levels in serum and local availability in tibia bone were consequently tested using the following procedures.
(i) Concentrations of antibiotics in serum in vivo. The availability of antibiotic ingredients in serum was tested by drawing venous blood from the ear of the animals and centrifuging it for 10 min at 3,500 ϫ g (Varifuge 3.0R; Heraeus Sepatech, Germany). Serum samples were taken after 24, 48, and 72 h as well as after days 7, 14, 21, and 28 and stored at Ϫ20°C until analysis at the LC Labor Consult GmbH (Germany). An ADVIA 1650 Chemistry System (Siemens Healthcare Diagnostics, Germany) was used to determine antibiotic levels in serum for gentamicin, vancomycin, and tobramycin.
(ii) Determination of local concentration of antibiotics in cortical and cancellous bone. Standardized samples of cortical bone/medulla were weighed and incubated in 20 ml (corticalis)/10 ml (medulla) Sö-rensen buffer solution, and the released amounts of active ingredients were investigated. Antibiotic concentration in the tibial bone was tested on 31 samples, 11 samples with CaSO 4 -G (Herafill-G), 11 samples with CaSO 4 -V, and 9 samples with Osteoset. The sample material was the proximal third of the tibia, which was dipped in liquid nitrogen to enhance embrittlement and then sawed lengthwise. Medulla was isolated using a sharp spatula and transferred to a 50-ml Falcon tube, and weight was determined gravimetrically (Atilon ATL-224; Acculab Inc., Massachusetts, USA). Corticalis was again embrittled using liquid nitrogen and then pulverized using a bone mill for 5 min (Retsch Inc., Germany). Weight was determined again gravimetrically for the corticalis component, and antibiotic content was then determined by eluting in a Sörensen buffer at pH 7.4 and a temperature of 37°C. After 72 h of incubation, the supernatant was centrifuged and the released drug concentrations were determined indirectly via measurement of the zone of inhibition on agar plates. Determinations of active components were compared to known inhibition standards of Bacillus subtilis (ATTC 6633). The released antibiotics were then set in relation to an amount measured as per weight of bone. The clinical breakpoints of the three involved antibiotic substances for various pathogens are listed in Table 2 (13) .
Statistics. Mean values and standard deviations were calculated from at least 3 and up to 17 measurements. We used the Student t test to determine significant differences at P values of 0.05. The Gaussian error propagation law was used when appropriate. 
RESULTS

Antibiotic release kinetics in vitro.
The percentage of released antibiotics was related to the content in each bone substitute unit as demonstrated in Fig. 3 . The Osteoset unit had completely released tobramycin on the third day of the experiment, demonstrating the fastest drug release. Vancomycin from CaSO 4 -V showed 93% release on the third day and 100% release on the seventh day. Gentamicin from Herafill showed a release of 82% on the third day and 94% on the tenth day. Figure 3a and b display detailed elution characteristics of all three substances over time, expressed as a percentage of initial value. All three drugs display an initial burst release, followed by a subsequent saturation depending on the formulation and the surface of the unit. Figure 4 describes the levels of released substances in serum over time.
Biological availability. (i) Levels of concentrations of antibiotics in vivo in serum. Figure 4 displays in vivo concentration in serum following implantation of the various antibiotic CaSO 4 formulations. Gentamicin (Herafill-G) showed the highest steady level with even 0.41 g/ml at the end of the experiment. Vancomycin (CaSO 4 -V) levels measured were nearly homogeneous ending at the 28th day at 0.12 g/ml. Tobramycin (Osteoset) levels in serum were heterogeneous: the peak was reached after 24 h, at 0.18 g/ml, and levels decreased continuously to 0.02 g/ml in the first week and then rose in the second week to 0.03 g/ml, rising further to 0.09 g/ml in week 3, and going down to 0.03 g/ml in week 4. During the entire examination period of 4 weeks, all measured concentrations in serum were within the detection limit, displaying the following results: gentamicin, 0.41 to 0.58 g/ml; vancomycin, 0.10 to 0.13 g/ml; tobramycin, 0.03 to 0.18 g/ml.
(ii) Antibiotic concentration in corticalis and medulla. A preliminary examination of the beads prior to implantation showed slightly higher concentrations than declared. This may relate to a common overdosage of pharmaceutic formulations of up to 10%. Table 3 displays the mass of implanted antibiotic substances in medulla and corticalis.
In the animal experiment, mean values of antibiotics in microgram per gram of corticalis and gram of medulla were determined ( Fig. 5a and b) .
Radiologic results after implantation and 4, 6, 8, and 12 weeks later displayed various phases of unproblematic resorption. Herafill-G units were clearly visible and recognizable even after 12 weeks in the X ray. CaSO 4 -V units were visible until week 6, and after week 12 four of five units had completely disappeared in the X-ray image. Four weeks after surgery, all three products were visible under X ray, Osteoset rather unclearly, CaSO 4 -V in reduced density, and Herafill-G displaying a dense core.
Assessment of tissue compatibility of implanted antibiotic formulations was analyzed concerning clinical findings. Key aspects were appraisal of the implantation location, body weight development, and body temperature, as well as leukocyte count. Only a small corridor was left to examine biocompatibility, but no pathological processes were detected. The described reactions in combination with the histologic examination show a good biocompatibility.
DISCUSSION
Bone infections are still one of the major problems in orthopedic and trauma surgery even in the era of modern antibiotics. Bone replacement scaffolds releasing antimicrobial substances may effectively counteract infections. Earlier research concerning infection control by McConoughey et al. has proven that resorbable calcium sulfate functions as well as PMMA in the patient setting for infection control (14) . In our study, CaSO 4 containing antimicrobial and resorbable bone grafts differing in formulation such as composition, size, shape, and antibiotic content were compared in regard to drug release and safety. CaSO 4 -G (Herafill-G) showed the slowest release characteristics as well as the steadiest antibiotic levels in comparison to the applied tobramycin and vancomycin beads. To determine drug availability, released antibiotic concentrations were investigated by in vitro experiments as were levels in serum in rabbits, and the local availability in rabbit's bone was determined. None of the three bead formulations displayed any adverse reaction, while all of them were undergoing the expected partial decomposition within the tibial bone. The use of rabbits as an animal model to investigate the pharmacological effects and safety of the newly developed calcium sulfate carrier is a common model for such investigations (15) (16) (17) . Rabbits are easy to handle and to keep; their skeleton offers conditions suitable for implant of the necessary amount and size of beads. In our experiments, only female rabbits of comparable ages were used, to avoid gender-or age-specific differences. A disadvantage in the use of rabbits is the cutaneous sensitivity against injections, especially of antibiotics and their associated skin necrosis. Moreover, colonization with a rabbit-specific staphylococcus strain cannot be eliminated, which through minimal skin and mucosa lesions may enter the organism (18) (19) (20) (21) (22) (23) .
Three bone substitutes based on calcium sulfate were compared as carriers for antibiotics such as gentamicin, tobramycin, and vancomycin. Osteoset, as commercially available, consists only of calcium sulfate in the form of ␣-hemihydrate. In contrast, the examined novel preparations CaSO 4 -V and Herafill-G were formulated to contain, in addition, calcium sulfate dihydrates, tripalmitin, and calcium carbonate. The calcium carbonate component counteracts wound healing and osteolytic problems via buffering of the pH value in the implant region due to degradation of CaSO 4 and sulfuric acid formation (9) . Tripalmitin was added to slow the release of the antibiotics gentamicin and vancomycin. The use of fatty acids to influence release kinetics had previously been documented (24) (25) (26) .
Following implantation, local swelling was observed in 83% of the animals after implantation of Osteoset, in 50% after CaSO 4 -V, and in 33% after CaSO 4 -G (Herafill-G). Irrespective of the implanted bone substitute, formation of hematomas was observed as well as modifications to the tissue due to resorption of the subcutaneous threads, partially resulting in indurations. This yields the assumption that swelling was caused by hematoma and surgical thread resorption rather than by the bone substitutes. Body weight decreased after surgery, probably due to indisposition of the animals and blood drawing. Temperature and leukocyte levels remained within normal physiologic range.
Literature data show that calcium sulfate is completely degraded after implantation; however, the data vary strongly in terms of the time frame as well as degrading mechanisms. Bell et al. assumed that the rapid resorption was a positive effect for bone healing (27) . Petruskevicius et al., however, do not recommend Osteoset for implantation in humans, as 6 weeks is too short a time for complete resorption. In order to decrease the rate of resorption, addition of a substance, e.g., calcium phosphate, was recommended (28) .
Calcium sulfate is an ideal carrier for drugs, easy to sterilize, and biodegradable and displays good release of integrated drugs. Several authors describe CaSO 4 as a carrier of bone morphogenetic protein (BMP) (29) (30) (31) as well as antibiotics (32) (33) (34) (35) . Bai et al. have tested BMP-loaded calcium sulfate in a clinical trial with 16 patients and successfully induced bone healing after prior nonunion of fractures (29) . Varlet has conducted research with various calcium sulfate-based antibiotic formulations to fill bone defects, resulting in successful treatment of 13 of 15 patients (36). Bouillet has successfully treated 16 of 18 patients with osteomyelitis using amoxicillin-impregnated calcium sulfate (37) .
The basis of the animal experiments is the comparable mass of the bone substitutes. The number of beads implanted per animal Concerning size, CaSO 4 -G (Herafill-G) beads with a diameter of 6 mm are the largest beads, followed by the Osteoset beads with 4.8 mm and CaSO 4 -V with 3 mm. CaSO 4 -G (Herafill-G) thus displays the smallest surface in sum, combined with the slowest release kinetics, followed by CaSO 4 -V. Even though the latter has a larger surface area to interact with surrounding fluids than the Osteoset implants, the Osteoset beads have completely dissolved by day 3. This can be explained by their composition: Osteoset consists of calcium sulfate only, and the other two formulations additionally contain tripalmitate. This addition as described above results in lower drug release rates as shown by Radin et al. (38) .
Release kinetics of antibiotics differ by in vitro experiment from those in vivo by intramedullary implantation. The situation is more complicated in traumatized tissue. A damaged blood supply, hematoma, or debris causes barriers for rapid diffusion in the surrounding tissue. It is crucial to maintain high local antibiotic substance concentrations for at least 48 h while not reaching systemically toxic levels in serum. A recent study from Howlin et al. has proven that an increased contact time from 24 to 72 h with the antibiotic substance results in a further 3-log reduction in the number of MRSA cells, demonstrating the importance of maintaining locally high concentrations for as long as possible (39) . In our study, levels in serum varied greatly, with tobramycin at levels between 0.02 and 0.18 g/ml, followed by vancomycin at 0.10 to 0.13 g/ml and gentamicin at 0.41 to 0.58 g/ml. This allows the assumption that the tested formulations did not reach systemic toxic levels of the incorporated antibiotics.
The palmitin-containing formulations show no remarkable peak or rise after implantation, while Osteoset rises to its peak 24 h after the operation. This can potentially be explained by the fact that the peak might lie prior to the drawing of the first blood sample or by the fact that the new formulation in combination with delayed resorption rates yields a continuous antibiotics release. Dahners and Funderburk found peaks 1 h after implantation with a strong decrease after 8 h (15). Furthermore, Osteoset has shown a rise in week 3 but in week 4 falls back to previous values. Taking into account the fact that mean values with high standard deviations were compared, we are careful in interpreting the peak concentration results.
In general, the levels of all three antibiotics in serum remain significantly below levels of systemic toxicity, supporting the results of Dahners and Funderburk (15) .
The antibiotic content of the tibiae was ex vivo determined indirectly via the determination of inhibition zones of eluates. Within the corticalis, peak levels were measured within the first 24 h with gentamicin at 14.8 g/g, vancomycin at 7.9 g/g, and tobramycin at 2.9 g/g, all decreasing within the next 3 days. Gen- tamicin, being at 4.1 g/g, was thus at a therapeutic level, while the others showed minor levels, with vancomycin at 0.4 g/g and tobramycin at 0.9 g/g. After 12 weeks, none of the antibiotics active against coagulase-negative staphylococci could be measured in serum anymore. Interestingly, even the products already available on the market did not reach therapeutic levels. Potentially the eluates showed only a fraction of the antibiotics, especially for gentamicin still contained in the bone, as antibiotics commonly bind to the bone, forming an adsorbed inseparable unit. Gentamicin in collagen has been noted for its quick release in the initial phase, followed by a possibly constant and high level over a defined period of time, also described as "minivan-like" release model (40) .
Knowledge of the bacteria found in infected bones is essential for the choice of suitable antibiotics. The most common cause of bone infection is Staphylococcus aureus, followed by Streptococcus and Pseudomonas. According to Taylor, S. aureus is the sole infectious bacterium in 33% of bone infections, and Streptococcus and Pseudomonas occur in 16% and 51%, respectively, of mixed infections and in 83% of infections with staphylococci involved (41) . Gentamicin was proven successful in animal testing (15, 42) as well as in the clinical environment for local treatment (43) (44) (45) , showing high effectiveness against Gram-negative microorganisms as well as S. aureus. Furthermore, gentamicin shows high thermostability at body temperature (35) and especially during both the polymerization process and the sterilization of PMMA.
In comparison with aminoglycosides, the glycopeptide vancomycin lacks this thermostability, rendering it unsuitable for formulations with PMMA due to heat development. Vancomycin currently is a reserve antibiotic against MRSA, being effective against S. aureus and Staphylococcus epidermidis as well as Enterococcus species.
In addition to the antimicrobial substance efficacy, the biocompatibility of drug-releasing beads poses an important aspect for further application. Regarding biocompatibility, the animals were regularly examined. Body temperature and leukocyte count constantly remained within the reference range. Animals were in good shape, and clinical signs of illness were unapparent. Symptoms such as pain, purulence, development of fistulas, limitation in range of motion, raised infectious parameters, or rise of body temperature (46) were not observed. According to Bencini et al., about 20% of the flora members remain within hair follicles and sebaceous glands (47) .
As mentioned in earlier studies by McConoughey et al., once PMMA beads containing antibiotics release their initial burst of surface-bound antibiotics, the beads continue releasing subinhibitory concentrations of antibiotics, favoring the formation of antibiotic-resistant bacteria while providing a surface for bacterial colonization and biofilm formation (14) . Neut et al. have additionally described the risk of biomaterial-associated infection on gentamicin-loaded beads, significantly attracting resistant subpopulations with extremely high MICs (48) . Research by Garzoni et al. describes the special adaptability of Staphylococcus to cause varied and severe infections (49) .
Overall, it was shown that pharmacokinetics vary strongly with the choice of the antibiotic substances as well as their carriers. High antibiotic concentrations were only released for the first 3 days, suggesting that local delivery of antibiotics is potentially suitable for prophylaxis, whereas for treating already-formed biofilms or intracellular bacteria it seems limited, as proposed by Howlin et al. (39) .
The limitations of this study are the lack of a comparison group between local-only and systemic-only antibiotic therapy to determine the potentially different effects. Further research may focus on intracellular microbes and their treatment with effective antibiotics like rifampin. Furthermore, a bioassay was used to measure the concentration of antibiotics, while other systems like highpressure liquid chromatography (HPLC) are more accurate.
Conclusion. Our study showed the release characteristics of antibiotic-absorbable bone substitutes of three different formulations. Release over time as well as variations in kinetics and concentrations over time were in vitro and in vivo analyzed in animal experiments. No negative side effects were observed. It was proven that differences in the composition of bone substitute material yield differences in release characteristics.
Surgeons may consider the shown release rates and take potential advantages as well as disadvantages into account for their choice of bone substitute material. As suggested by Tan et al. in 2012, the use of antibiotic-loaded beads at the site of infection is becoming the standard of care, as the beads enable localized supra-MIC levels, which would be difficult to achieve by other means (50) .
In further research, a clinical study of the vancomycin-containing beads could prove their effectiveness against methicillinresistant bacterial stems. In a clinical daily routine with rising numbers of infections, this could reduce the medical burden and costs for many severely diseased patients.
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